The processes of high-velocity interaction of a projectile with a metal-intermetallic laminate (MIL) composite target were numerically investigated in axisymmetrical geometry using the finite element method. To simulate the failure of the material under high velocity impact, we applied the active-type kinetic model determining the growth of microdamages, which continuously changes the properties of the material and induce the relaxation of stresses. To simulate the brittlelike failure of the intermetallic material under high velocity impact, we modified the kinetic model of failure and included the possibility of failure above Hugoniot elastic limit in the shock wave and sharp drop in strength characteristics if the failure begins. The results show that the depth of penetration depends on the thicknesses of intermetallic and titanium alloy layers. The Al 3 Ti/Ti-6-4 MIL composite target withstands the impact loading in the case of the ratio about 4/1.
Introduction
The field of material microstructure design targeted for a specific set of structural and functional properties is now a recognized field of focus in materials science and engineering [1, 2] . A new class of structural materials called metal-intermetallic laminate (MIL) composites can have micro-, mesoand macrostructure [3] [4] [5] [6] . The superior specific properties of this class of composites makes them attractive for high-performance aerospace applications, and the fabrication method for creating MIL composites allows new embedded technologies to be incorporated into the materials, enhancing their functionality and utility.
In this paper the processes of high-velocity interaction of a projectile with a metal-intermetallic laminate target were numerically investigated in axisymmetrical geometry using the finite element method. The material model includes the equation of state of the Mie-Grüneisen type that represents pressure as a function of specific volume and specific internal energy, the deviatoric elastic constitutive relationships, the von Mises yield criterion taking into account temperature effects. We applied the active-type kinetic failure model determining the growth of microdamages which continuously changes the properties of the material and induce the relaxation of stresses. The strength characteristics of the medium (shear modulus and dynamic yield point) depended on temperature and the current level of damage. The critical specific energy of shear deformations was used as a criterion of the erosion failure of the material that occurs in the region of intense interaction and deformation of contacting bodies. To simulate the brittle-like failure of the intermetallic material under high velocity impact, we modified the kinetic model of failure and included the possibility of failure above Hugoniot elastic limit (HEL) in the shock wave and sharp drop in strength characteristics if the failure begins. In the computations, the target consisting from intermetallic Al 3 Ti -Ti-6-4 titanium alloy layers has been used.
Formulation of the problem
To simulate numerically the processes of high-rate shock loading, we use the model of an elastic-plastic damaged medium characterized by the presence of microcavities (pores, cracks). In the model the total volume of the medium W comprises the undamaged part of the medium of density ρ c which occupies volume W c , and microcavities of zero density which occupy volume W f . The average density of the damaged medium is connected with the above-introduced parameters by the relationship ρ = ρ c (W c /W). The degree of damage of the medium is characterized by the specific volume of microcavities V f = W c /(W * ρ).
A mathematical model employed in the numerical code for solving high velocity impact problems is based upon a set of differential equations of continuum mechanics that govern a material flow. The system of equations governing the nonstationary, adiabatic (for both elastic and plastic deformation) motion of a compressible medium with allowance for the evolution of microdamages comprises the continuity equation (Eq. 1), the equation of motion (Eq. 2), the energy equation (Eq. 3) [7-9]:
Here ρ is the density, t is time, υ is the velocity vector, υ i are the velocity components, σ ij = -Pδ ij +S ij are the stress-tensor components, E is the specific internal energy, ε ij are components of the strain rate tensor, P = P c (ρ/ρ c ) is the average pressure, S ij are the stress-deviator components, and P c is the pressure in the continuous component of the medium.
To numerically simulate the failure of the material at high velocity impact, we applied the activetype kinetic model determining the growth of microdamages, which continuously change the properties of the material and induce the relaxation of stresses [8] :
Here P * = P k V 1 /(V f + V 1 ), and V 1 , V 2 , P k and K f are material constants determined experimentally. One and the same set of constants is used when calculating both growth and collapse of cracks and pores (depending on the sign of P c ).
Pressure in the undamaged substance is determined by the Mie-Grüneisen equation of state [9] :
where µ = V 0 /(V-V f )-1, γ 0 is the Grüneisen coefficient, V 0 and V are the initial and current specific volumes, respectively, and a and b are the constants of the Hugoniot shock adiabat described by the relation:
where u s is the shock-wave velocity and u p is the particle velocity of the substance behind the shock-wave front.
We assume that the change in porosity is influenced only by the spherical stress component (or pressure), whereas the components of the stress deviator are bounded by the independent deviatoric yield function:
where dt dS 0 ij is the Jaumann derivative. Parameter λ is zero for elastic deformation and for plastic deformation is determined from the Mises yield criterion:
Applied Mechanics and Materials Vol. 756 409
Here G is the shear modulus and σ is the dynamic yield point. They are determined according to the relationships [7] [8] [9] :
Here T m is the melting point of the substance and c, V 3 , V 4 , and T 1 are the constants. To simulate the brittle-like failure of the intermetallic material under high velocity impact, we modified Eq. 4 to include the possibility of failure above HEL in the shock wave and sharp drop in strength characteristics if the failure begins [10, 11] :
where σ sh is the stress in the shock wave (σ sh < 0 for compression), k f P , k f V , σ f , σ HEL are the constants. In the computations, the function ) T ( K T was chosen to model the nonthermal character of plastic deformation and dynamic strength of solids at high strain rates (10 4 s -1 or higher) [8] . To calculate the temperature, we used the relations [7] :
where the specific heat c p increases linearly as the temperature increases to the melting point of the substance: E is given in [9] .
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The critical specific energy of shear deformations is used as a criterion of the erosion failure of the material that occurs in the region of intense interaction and deformation of contacting bodies. The current value of the specific energy of shear deformations is defined from relationship ij ij sh S dt
The critical value of the specific energy of shear deformations depends on the conditions of interactions and is a function of the initial impact velocity
where sh a and sh b are constants. When c sh sh E E > in the computational cell near the contact boundaries, the cell is assumed damaged and the parameters in neighboring cells are corrected with regard for the principles of conservation laws.
The problem of interaction of a projectile with a finite thickness target is under consideration. The problem is formulated for the equations presented above in the Cartesian coordinate system with initial (at t = 0) and boundary conditions. The initial conditions are characterized by the absence of internal stresses, and motion of the projectile toward the target with a velocity υ 0 is a cause of interaction. There are no external loads on free surfaces of the interacting bodies throughout the entire process, while the conditions of sliding are realized on contact surfaces between the projectile and the target. The finite-element relations used to solve the formulated problem are given in [12, 13] .
Results and Discussion
In the computations, the target consisting from 17 composite intermetallic -titanium alloy layers has been used. Total thickness of the target was 19.89 mm. Thicknesses of intermetallic layer and a layer of titanium alloy were varied. The penetrator used was a tungsten heavy alloy 93W-7FeCo conical rod with initial diameter of 6.15 mm and length of 23 mm. Initial impact velocity was of 900 m/s. computations demonstrate the fact that in this case the MIL composite target withstands the impact loading.
The distribution of the damage and deformation patterns are illustrated in Figs. 2b and 2c , which show the contours of a radial section of the projectile and composite target and contours and fields of the specific volume of microdamage ( Fig. 2b) and of the specific shear deformation energy (Fig. 2c) . The low level of microdamage in layers of titanium alloy shows the termination of propagation of brittle damage taking place in intermetallic layers. The Table 1 represents results of simulations for different thicknesses of target layers. The results show that the depth of penetration depends on the thicknesses of intermetallic and titanium alloy layers. The MIL composite target withstands the impact loading in the case of 0.94 mm Al 3 Ti / 0.23 mm Ti-6-4 (the ratio is about 4/1). In this case the intermetallic layer provides the failure of the projectile and the metal layer terminates the propagation of damage. In the other cases the perforation of the MIL composite target takes place. There is the same result for the uniform target made of either Al 3 Ti (line no.2 in the Table 1) or Ti-6-4 (no. 3).
Conclusion
Results obtained demonstrate that destruction of the intermetallic layer is brittle as against to plastic failure of the metal layer. It was shown in the computations that the optimal composite target has higher ballistic resistance in comparison with a uniform target either Al 3 
